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DIRECT LIQUID CRYSTAL TEMPLATING OF MESOPOROUS SILICA 
by Tobias James Gordon-Smith 
The work described in this thesis is concerned with the development of ordered 
mesoporous silicas by direct templating from lyotropic liquid crystal phases of the 
surfactants Pluronic PI23, Pluronic F127, CTAB and Brij 78. The factors affecting the 
regularity, morphology, pore diameter and wall thickness of the templated mesoporous 
silicas were examined by exploring the reaction composition space and plotting the 
structural properties on TMOS/surfactant/water ternary diagrams. The silicas were 
studied using the complementary techniques of small angle X-ray diffraction, 
transmission electron microscopy and N? adsorption isotherms. 
Mesoporous silicas with hexagonal (H,) pore morphologies templated from the Hi phase 
of CTAB were prepared from fumed silica/CTAB/water/NaOH mixtures under 
hydrothermal conditions. The mesostructure showed very good long-range order and 
very narrow pore size distributions, with -3.4 mn diameter pores and -1.4 mn thick 
walls. 
In addition, mesoporous silicas were prepared using a sol-gel route from 
TMOS/surfactant/0.5 M HCl(aq) mixtures at 45°C. The central regions of the ternary 
diagrams of these mixtures were explored. Using Pluronic PI23, mesoporous silicas with 
hexagonal (Hi) pore morphologies were formed with pore diameters in the range of 5 -
10 nm. With Brij 78 and Pluronic F127, mesoporous silicas with 3d cubic pore 
morphologies were formed with pore diameters in the range of 2.9 - 4.5 mn and 4-10 
nm for Brij 78 and Pluronic F127 respectively. 
The mesoporous silicas produced via the sol-gel route had the most ordered structures 
with a TMOS:water molar ratio in the range of 1:5 to 1:7, leaving little water present 
after hydrolysis. For ordered silicas, the sum of the pore diameter and wall thickness is 
roughly constant, where the pore diameter decreases with increasing TMOS content and 
decreasing surfactant content there is commensurate increase in wall thickness. 
Finally, 1,3,5 trimethyl benzene was used to swell the hydrophobic core of Pluronic PI 23 
and F127 micelles, allowing the templating of mesoporous silica with pore diameters up 
to 14 nm. Contents 
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Chapter 1 
Introduction to Mesoporous Materials 
1-1 Chapter I Introduction to Mesoporous Materials 
molecules is, on average, hydrogen bonded to 3.5 - 4 neighbours. This is greater than the 
average hydrogen bonding in bulk water, 3-3.5 hydrogen bonds per water molecule, 
and hence greater order than in the bulk liquid water due to the directional nature of 
hydrogen bonds. When micelles are formed there is a net increase in disorder due to the 
loss of the clathrate cage surrounding the hydrocarbon/hydrophobic segments of the 
amphiphiles. This is the origin of the hydrophobic effect. 
The larger structures, formed at higher concentrations of surfactant than that required for 
micelles, are said to be liquid crystalline. This is because the molecules are oriented on 
average along some preferred direction, producing fluid but structurally anisotropic 
phases. The molecules in a liquid crystal phase do not have the positional and 
orientational order of a solid, nor do they have the total disorder associated with a liquid, 
but tend to lie somewhere between the two extremes. The liquid crystal phases formed 
by mixtures of surfactant and water are termed lyotropic phases. As with theiTnotropic 
liquid crystals altering the temperature can alter the phase. However, in lyotropic 
systems, as was explained previously, altering the water content can also change the 
structure of the phase. The variables of temperature and composition are commonly used 
to plot phase diagrams for amphiphilic molecules. Phase diagrams are constructed from 
observations made by polarised light microscopy. X-ray diffraction and NMR. 
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a solution containing areas rich in micelles surrounded by water. The temperature at 
which a micellar solution phase separates is known as the cloud point. The name arises 
from the turbid nature of an Li+ W solution. A further region of the phase diagram, at 
low temperatures, consists of solid surfactant that is not in solution. The line that 
separates the lyotropic phases from the solid region is known as the Ki^aft boundary, and 
defines the crystal solubility boundary of the surfactant. Below the boundary the 
surfactant is present as crystals of surfactant surrounded by water'Phase behaviour in 
lyotropic systems is not purely a function of composition-temperature space but is also 
strongly influenced by the molecular structure of the surfactant. The ratio of the 
headgroup volume, defined by molecular size and degree of hydration, to the length of 
the hydrophobic tail, determines how the amphiphiles pack, hence the preferred curvature 
of the structures formed. 
Comparison of the phase diagrams for the polyoxyethylene surfactants C12EO4, C12EO6, 
CiaEOg, and Ci^EOg with water (figure 1.3.) shows the effect of headgroup size on the 
phase stability of lyotropic liquid crystal phases for a fixed alkyl chain length. With 
C]2E04 the size of the headgroup and tail are relatively even, favouring the formation of 
a lamellar structure (La) over a wide range of composition and temperature. At a high 
weight percentage of C12EO4 an inverse micellar solution is favoured due to the lack of 
water. As the headgroup becomes larger relative to the alkyl tail there is a shift to more 
curved structure. The phase diagram of C^EOg shows a much smaller lamellar phase, 
which is only present at higher weight percentages of CiiEOg because the headgroup 
volume is smaller due to reduced hydration. At lower weight percent composition the 
more curved hexagonal phase. Hi, and cubic phase, Vj, are favoured. As the headgroup 
size is increased further, the hexagonal phase becomes stable over a wide range of 
composition and temperature and the micellar cubic phase, I;, is now present. The 
lamellar phase is greatly reduced in size as such a flat structure is now unfavourable. 
Increasing the length of the hydrocarbon tail, as in the case of CigEOg versus C^EOg, has 
a similar effect on the phase behaviour as decreasing the size of the headgroup. 
Consequently, CieEOg exhibits a similar phase diagram to CnEOo. A minimum alkyl 
chain length of 8 carbons is necessary to form a lyotropic liquid crystal phase, for a Cg 
chain only a lamellar phase is formed"^'. 
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1.1.2,1 Synthesis of the Pluronlc Group of Surfactants 
The Pluronic family of surfactants produced by BASF are ABA triblock oligomers, 
either EOxPOyEOx or POxEO^POx- They are synthesised using anionic living 
polymerisation. Unlike radical polymerisation, the growing chains can only react with 
the monomer units. There is no termination reaction, therefore, under ideal conditions the 
number of units in a block will follow a Poisson distribution centred on the nominal 
number of units; equation 2 gives the distribution of block length. The number of units 
quoted for each block is the average number, which is determined by the ratio of 
monomer to initiator. For Pluronic PI23 (EO20PO70EO20) the EO blocks will have an 
average of 20 units, and a distribution peak with a FWHM of 10 units. The PO block will 
have an average of 70 units, and a distribution peak with a FWHM of 20 units. For 
Pluronic F127 (EOioePOyoEOioe) the EO blocks will have an average of 106 units, and a 
distribution peak with a FWHM of 26 units. The PO block will have an average of 70 
units, and a distribution peak with a FWHM of 20 units. The poly(ethylene oxide) 
headgroup of the Brij family of surfactants is also synthesised by anionic living 
polymerisation. 
Mole fraction of n-mer = (a"e'")/n! where a = ratio of monomer:initiator (2) 
and n is the number units in the chain 
1.1.3 The synthesis of mesoporous materials 
The presence of surfactant is key to the preparation of ordered mesoporous materials. 
The concentration at which the surfactant is present determines the mechanism by which 
the mesoporous structure is formed. In the Mobil synthesis, of M41S materials, the 
surfactant concentrations are low (1-10 wt%)"'^. At these concentrations the surfactant is 
present as a micellar solution, ruling out the existence of a homogeneous liquid crystal 
phase in the synthesis mixture. In 1995 it was shown that regular mesoporous silicas 
could be prepared at much higher surfactant concentrations, such that lyotropic liquid 
crystal phases were acting as structure directing agents^. At concentrations below that of 
the CMC of the surfactant, no mesoporous structure is observed. There have been several 
reviews of the synthesis of mesoporous materials'^"'^. 
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similar to the Hi phase of lyotropic liquid crystal systems. Mesoporous silica was 
templated from the nematic phase of TMV using a mixture of tetraethoxy silane and 
aminopropyl triethoxy silane as the silica precursors. TEM imaging showed the silica had 
the same hexagonal structure as MCM-41. After calcination the silica had a pore 
diameter of 11 nm and a wall thickness of 10 nm^^. Bacteria have also been used as 
templates for hexagonal mesoporous silica. High concentrations of cylindrical bacteria 
also organise into structures similar to that of the H, lyotropic liquid crystal phase. Using 
tetraethoxy silane as the silica precursor, ordered porous silica with 300-500 nm diameter 
pores and 50-1 OOnm thick walls was templated from the bacterial phase^'^. 
Hierarchically order porous silica structures have also been formed using double 
templating techniques. Strands of spiders silk have been dip-coated in TEOS/Pluronic 
P123/water solutions, which forms a mesoporous silica coating on the silk strand. 
Calcination removes both the surfactant and silk thread leaving a hollow silica fibre 1 -2 
|im in diameter with 60 nm thick silica walls that contain hexagonally ordered 
mesoporous channels that run parallel to the fibre direction'^''. 
A range of macroporous metals and metal oxides have been templated using close-
packed monodisperse latex spheres or colloidal silica particles as templates. The metal or 
metal oxide structure is formed in the space between the close packed particles, then the 
particles are selectively removed, either chemically or via calcination, leaving a 
macroporous structure of connected spherical pores'^'. Monodisperse colloidal polymer 
spheres can be synthesised with diameters of 20 - 1000 nm, but so far only latex spheres 
with diameters >120 nm have been used templating of ordered macroporous materials. 
Macroporous silica and titania were synthesised via sol-gel chemistry using close-packed 
latex spheres with diameters between 190 and 275 mn as templates'*^. Macroporous thin 
films of gold, platinum, palladium and cobalt'*^ '*^ have been electrochemically deposited 
through close-packed monodisperse polystyrene spheres, producing cavities with 
diameters between 400 and 1000 nm. These macroporous materials have a range of 
potential applications such as photonic materials, data storage and biosensors. 
1.1.6 Applications of mesoporous materials 
The narrow pore size distributions and well-defined channel architectures of mesoporous 
silicas makes them very attractive alternatives to zeolites, when larger pore sizes arc 
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required. Already MCM-41 materials have been shown to have potential applications as 
supports for industrial catalysts"^^. Mesoporous materials can be used as templated to 
grow nanowires of a uniform, controllable diameter. Nanowires of silicon and 
germanium have been grown in the channels of Hi mesoporous silicas'^^ '*^. Thin films of 
cubic mesoporous silica have been used in NO gas sensors, resulting in a more sensitive 
sensor. The thin films of mesoporous metals have potential for use as gas sensors'*^. 
Inclusion of optically active components in the high surface area mesoporous materials 
allows for rapid diffusion for optical sensor applications'^^. Mesoporous metal and metal 
oxides are also under investigation for use as electrodes in supercapacitors as the high 
surface area of mesoporous structures should allow devices to provide high power 
density and high energy density^ 
1.2 Summary and overview of thesis 
The work described in this thesis is concerned with the development of ordered 
mesoporous silicas by direct templating from lyotropic liquid crystal phases using the 
method described by Attard et al^ Of particular interest was the synthesis of cubic 
mesoporous silicas with a high degree of interconnectivity in the pore system and the 
ability to tune the pore diameter and wall thickness over a significant range and the 
extension of the range of pore diameters and wall thickness accessible for H, mesoporous 
silicas. This was done using the cheap poly(ethylene oxide) surfactant Brij 78 and the 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) block copolymers 
Pluronic PI23 and F127. The factors affecting the degree of structural ordering of 
directly templated silicas was also studied. 
Work described in chapter 2 details the investigation of the direct templating of Hj 
mesoporous silica from fumed silica under hydrothemial condition using CTAB as a 
template, showing that the direct templating method can be extended to hydrothermal 
conditions. 
Work described in chapter 3 gives details of the study of the range of pore size/wall 
thickness of Hi silicas available using the Hi phase of Pluronic PI 23 as a template. The 
factors affecting the structural ordering were also studied by looking at a wide range of 
reaction compositions. Chapter 1 Introduction to Mesoporous Materials 
The work presented in chapters 4 and 5 is concerned with templating cubic mesoporous 
sihcas from the I, phase of Brij 78 and Pluronic F127 respectively, allowing access to a 
wide range of pore diameters and wall thickness. The factors affecting the structural 
ordering were also studied by looking at a wide range of reaction compositions. 
The final piece of work, described in chapter 6, is an investigation into the effects of the 
addition of organic molecules with various hydrophobicity to TMOS/surfactant/0.5 M 
HCl(aq) ternary mixtures. The purpose of this study was to try to access pore 
diameter/wall thickness combinations that were not possible with the ternary mixture 
alone, specifically larger pore diameters through swelling of the hydrophobic core of the 
surfactant micelles. 
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the percentage of fumed silica. Table 2.1 contains observations of the particle size of the 
silica samples after calcinations. The white, opaque silica particles are generally no larger 
than 5 mm. Samples la and lb do not contain any fine powder, but as the silica content 
increase so does the amount of fine powder. 









Peak width at 
half height of 
first reflection /° 
d spacing for 
first reflection 
/±0.05nm 
Pore to pore 
distance, a^,. 
for an H, 
structure /nm 
±0.05nm 
Change in d 
spacing upon 
calcination / % 
la  1:0.37  2.02  0.17  5.05  - 11 
lb  1:0.46  2.06  020  429  4.95  - 6 
Ic  1:0.54  2.04  027  4.33  5.00  - 6 
Id  1:0.54  2.04  0.30  4J3  5.00  -5 
le  1:0.64  1.94  0J3  4^5  525  - 13 
If  1:0.73  Z06  0.40  429  4.95  -5 
Ig  1:0.73  1.98  0J5  4.46  5.15  - 8 
Ih  1:0.90  1.96  0.57  4.50  5.20  -5 
Table 2.2 Peak positions and peak widths at half height for powder X-ray diffiaction patterns of as-
synthesised mesoporous silica, a^ is the separation between adjacent pores. 
Powder X-ray diffraction was carried out on as-synthesised silica samples and on calcined 
silica samples. Table 2.2 summarises the X-ray diffraction data obtained for the as-
synthesised silicas that have been hydrothermally treated but have not been calcined. All 
samples showed four peaks that could be indexed to an Hi structure. There were also 
several peaks attributable to CTAB crystals which are present at room temperature. All the 
samples have a pore separation close to 5.0 nm. The increase in the CTAB:fumed silica 
ratio as the series progresses from sample la to Ih has two effects. Firstly there is a slight 
increase in pore separation, ~4%. Secondly there is a gradual decrease in the long range 
order of the structure, as measured by the FWHM of the first peak which increases from 
0.17° for sample la to 0.57° for sample Ih. Samples Ic and Id, which have the same 
composition but sample Id was heated for twice as long, are identical within experimental 
error. Samples If and Ig, which also have same composition but sample Ig was heated for 
twice as long, show a slight difference in pore separation and FWHM which may just be 
outside experimental error. Table 2.1 also contains the ratio of the pore separation of the 
calcined silica to the pore separation of the as-synthesised silica. The framework contracts 
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these values decrease as the fumed silica content is increased, with little change in pore 
diameter and wall thickness. The N? adsorption isothemi also starts to resemble the fumed 
silica plot as the silica content is increased. These results, combined with the observations 
of the particle size distribution for the calcined silica samples, which show that there is an 
increasing amount of fine silica powder present from a CTAB:Fumed silica ratio of 1:0.54 
and greater, show that above a CTAB:Fumed silica ratio of 1:0.54, no further silica can be 
added between the CTAB micelles and any extra silica remains a fine non-porous powder. 
Samples Ic and Id have the same composition, but sample Id was heated for twice as 
long, which resulted in sample Id having a slightly larger pore diameter, and thinner 
walls. Samples If and Ig have the same composition, but sample Ig was heated for twice 
as long. This had little effect on the surface area, pore diameter or pore volume. 
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2.3.1.4 TEM studies of silica samples 
Sample; la 1 0.37  Sample; la 1;0.37 
Sample; lb 1:0.46  Sample, lb 1.0.46 
Sample  Sample 
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Sample  Sample 
# 
Sample: le 1:0.64  Sample: le 1:0.64 
Sample: lfl:0.7j  Sample: If 1:0.73 
wm. 
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be a preferential orientation of the sample on the TEM grids as it is much easier to find 
samples with the channels oriented perpendicular to the observer than channels oriented 
parallel to the observer. For samples Ic and le, Hj ordered channels are observed side on. 
but the only areas observed down the charmels showed a disordered pore system, which is 
not representative of the sample as a whole. Sample Ih showed no ordered structure, 
despite the X-ray and N? adsorption evidence. The sample contains significant amounts of 
fine non-porous silica powder as well as Hj structured silica, so it is possible the small 
amount of sample used for TEM imaging wasn't representative of the sample as a whole 
and that insufficient time was spent looking for correctly oriented particles. 
2.3.1.5 Summary of results for H| silica 
Table 2.3 summarises the pore diameter, wall thickness, surface area and pore volume for 
the Hi silica samples in the series. All the samples are highly ordered mesoporous silicas 
that are templates of the Hi phase of CTAB. Upon calcination there is a 5 - 13 % 
contraction of the framework that results in a slight broadening of the X-ray diffraction 
peaks, showing a decrease in long range structural order. From sample la to Ih, there is a 
gradual decrease in the long range order of the structure, the X-ray peaks become broader 
and less resolved, but all samples do exhibit 4 peaks. As the CTAB:fumed silica ratio is 
increased from 1:0.37 to 1:0.54 the pore diameter increases slightly from 3.2 mn to 3.5 
nm. Above 1:0.54 the pore diameter is constant with a slight increase in the wall 
thickness. It is not possible to accommodate any more silica in the walls by increasing 
their thickness, and as a result the extra silica added remains a fine non-porous powder. 
This is confirmed by the surface area and pore volume measurements, which gradually 
decrease to roughly half the value of sample lb, despite little change in pore diameter and 
wall thickness. The wall thickness is in the range of 1.1 - 1.4 nm, which is thicker than 
those of MCM-41 silica synthesised using CTAB' which are typically 0.8 - 1.0 mn, but 
the pore diameter is comparable MCM-41 silica which are in the range of 3.0 - 3.8 nm. 
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2.4.3 Proposed mechanism and effects of structural formation 
The negatively charged dissolved silica species are attracted to the positive trimethyl 
ammonium head group of CTAB, displacing bromine or hydroxyl ion as the counter ions, 
coating the CTAB rods with silicate species which then can react with neighbouring 
silicate species. This silicate shell around the CTAB rods can then grow through further 
deposition of silica until adjacent silica shell join together and the space between them 
infills with silica. 
The silica is initially particles with diameters in the order of hundreds of nm. This fumed 
silica has a surface area of 180m"g'\ The surface area eventually increases to 
700-800m^g"' when the mesoporous structure is fonned. Under aqueous conditions the 
silica surface will be covered with silanol groups (Si-OH) at a density of approximately 
6.6 silanol groups per nm". Due to the surface area increase, water is consumed breaking 
the Si-O-Si bonds and forming silanol groups. The quantity of water used is not 
significant. In the syntheses carried out in this chapter only 1 - 2 % of the total water 
present will be used, which will not significantly effect the CTAB concentration. 
The pKa of silanol groups on a silica surface ranges from 6.8 to 9.2, the pKa increases as 
the surface deprotonates^, therefore under the highly alkaline conditions used the surface 
will deprotonate. Due to the large amount of silica present relative to the amount of water, 
1.65 - 4.0 g of silica to 6.75 g of water, this will significantly affect the pH of the solution. 
There will be an initial drop in pH when the silica and basic solution are mixed, followed 
by a fiarther gradual decrease in pH as the mesoporous structure is fonned due to the 
increase in silica surface area. The initial pH drop will increase as the fumed silica used is 
increased, sample Id will drop the pH to 13, but by sample 1 g there isn't sufficient base to 
deprotonate the complete surface resulting in a significant drop in pH, the increase in 
silanol pKa as the surface deprotonates will help limit this decrease. This drop in pH will 
decrease the solubility of the fumed silica, slowing the rate of structural formation. 
Formation of the Hi structure will increase the number of silanol groups significantly, by a 
maximum of 4 times, further decreasing the pH and silica solubility. Despite the decrease 
in pH, the silica solubility remains great enough to form Hi silica in the time given, 7-15 
days, as the elevated temperature also increases the silica solubility significantly. 
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P123/TMOS/0.5 M HCl(aq) ternary diagram was explored to determine the mesoporous 
silica structures can be templated from high concentrations of Pluronic PI 23. 
3.2 Experimental 
3.2.1 Phase diagram of Pluronic P123/water 
A phase diagram was constructed for Pluronic PI23 using polarised light microscopy as 
outlined in appendix 1 .D. Samples were prepared at 5 wt% intervals from 5 to 95 wt%. 
Pluronic PI23 was used as supplied by BASF. 
3.2.2 Preparation of mesoporous silica 
The route followed for preparing mesoporous silica was based on a method described by 
Attard et.al^. Pluronic P123 was dissolved in TMOS with gentle heating in a sealed flask. 
The resulting mixture was left to cool to room temperature and the required amount of 0.5 
M HCl(aq) was then added. After leaving the hydrolysis reaction to proceed for ca. 1 
minute the methanol produced by the hydrolysis was removed on a rotary evaporator, 
taking 10-20 min. Removal was determined by visual inspection. After methanol 
removal, the silica gel was cured in a sealed reaction flask in an oven at 45°C for one 
week. Surfactant removal was achieved by calcination in a tube furnace at 450°C under N2 
for 7 hours, followed by O2 for 15 hours (heating rate 10°C min''). The following list 
describes the series of materials that were prepared. 
• Series 1 - The ratio of 0.5 M HCl(aq) to Pluronic P123 was kept constant (1:1 by mass) 
while varying the amount of TMOS. 
• Series 2 - The ratio of Pluronic PI23 to TMOS was kept constant (1:1.5 by mass) 
while varying the amount of 0.5 M HCl(aq). 
• Series 3 - The ratio of 0.5 M HCl(aq) to TMOS was kept constant (1:1.5 by mass) while 
varying the amount of Pluronic PI 23. 
For the purpose of simplicity, and to make comparisons between series easier, for the 
remainder of the chapter the phrase "concentration of surfactant" will denote the weight 
percentage (wt%) of surfactant with respect to the acid solution content only. For Chapter 3  Synthesis of Mesoporous Silica using Pluronic PI23 
example, a reaction mixture containing 0.9 g of TMOS, 0.3 g of Pluronic PI23 and 0.7 g 
of 0.5 M HCl was said to have a surfactant concentration of 30 wt% 
The compositions of all the samples prepared are listed in appendix 2 and are also shown 
on the ternary diagram in figure 3.2. The error in a sample composition is ± 0.5 % (by 
mass) for each component. An explanation of how ternary diagrams are constructed and 
should be read is given in appendix 1 .E. Each sample is given a unique label, made up of 
the series number and a letter denoting its position in the series (e.g. 2a), so that results 
can be cross-referenced throughout the chapter. 
100 
Series 2  Series 3 
TMOS/wt%  0.5 M HCl/ wt% 
100 
100 90 80 70 60 50 40 30 20 10 
Pluronic P123/wt% 
Series 1 
Figure 3.2 Ternary diagram showing all of the silica samples prepared from Pluronic P123 + TMOS + 0.5 
M HCl mixtures. 
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3.2.3 Characterisation of mesoporous silicas 
Characterisation was carried out by transmission electron microscopy, small angle powder 
X-ray diffraction, and nitrogen adsorption isotherms following the procedures as outlined 
in appendix 1. 
3.3 Results 
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Figure 3.3 Phase diagram for Pluronic P123 + distilled water. C - birefringent phase, coloured, circular air 
bubbles 
Figure 3.3 shows the phase diagram that was constructed for Pluronic PI23 with distilled 
water. The diagram is significantly different from the diagram in the literature, see figure 
3.1. The micellar cubic phase, Ii, is much smaller, the Li to h transition occurs at ~26 wt 
% compared to ~15 wt% for figure 3.1. The 1% to Hi transition is also shifted, ~36 wt% 
compared to -32 wt%. The micellar solution, L], is also much larger. Both phase diagrams 
were constructed using polarising optical microscopy and used Pluronic PI23 as received 
from BASF. There are a number of possible reasons for the discrepancies between the 
diagrams. The most likely is that the samples have different head group and/or tail chain 
length due to errors in synthesis. The samples could also have degraded over time or have 
been contaminated. 
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Sample: Ig 1:1.75  Sample: Ig 1:1.75 
Sample: Ih 1:2.00 ij.  Sample: Ih 1:2.00 
Sample: li 1:2.25  Sample  li 1.2.25 
/ 
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silica in chapter 1, very few defects were observed in the structure. This is attributed to the 
lower temperature and pressure used in the synthesis. No edge dislocations or +71 
disclinations were observed, but bends and curvature were seen in the channels. In the best 
samples, channels have remained parallel over a micrometre or more. This explains why it 
was much easier, compared to the hydrothermal silicas, to find areas where you are 
looking straight down the pores. It is difficult to get accurate pore diameter measurements 
from TEM images because it is necessary to find a very thin sample correctly aligned. It 
was only possible to make measurements for samples le to 1-g and li. The pore diameter 
values were approximately 5-6 nm, which is smaller than the pore diameter calculated 
from Nz adsorption isotherms which decreases from 8.7 nm for sample le down to 6.8 nm 
for sample le. 
3.3.2.4 Summary of results for series 1 
Sample la is a disordered porous silica. Sample lb and Ic are very disordered H, silica. 
The most ordered Hi silicas are found in the Pluronic P123:TMOS ratio region of 1:1.00 to 
1:2.50, samples Id to Ij. The X-ray diffraction patterns all have 3 peaks with 1^'peak half-
height widths of 0.18°. For Pluronic P123:TMOS ratios 1:2.75 to 1:4.00 the Hi structure 
becomes progressively more disordered. The pore diameter also decreases from 6.8 nm to 
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Sample: jc 1:1.2j 55wt%  Sample  2j 55wt% 
% Sample: 3d 1  Sample: jd 1:1.0 60wt%  .0 60wt% 
Sample; 3e 1:0.81 65wt%  Sample: ae 1:0.81 65wt% 
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3.3.5 Comparison of results in series 1, 2 and 3 
In the experimental section a ternary diagram was used to display the compositions used 
in series 1, 2 and 3 (figure 3.2). By plotting the experimental data for all silica samples on 
a ternary diagram it was possible to compare results between series and visualise how the 
structure produced varies with the composition of the initial reaction mixture. What 
follows are ternary diagrams representing the data obtained from powder X-ray 
diffraction, N2 adsorption isotherms and TEM studies. After the data were plotted on the 
ternary diagrams contours were drawn in by hand. The positions of the contours were 
determined by joining up points were the data values were within a defined range. Wliere 
no data points were available, the boundary of the contour was deduced by extrapolating 
measurements from surrounding points, consequently the contours can only used as an aid 
to visualising trends in the data. Chapter 3 Synthesis of Mesoporous Silica using Pluronic PI 23 
phase was no longer stable, due was insufficient material between the rods of surfactant to 
stabilise the phase resulting in a disordered microporous silica being produced. In series 2, 
at 65 and 70 wt% a greater amount of TMOS was used, resuhing in Hi templated silica. 
3.4.4 Microporosity and surface area: theoretical vs. measured 
There has been much discussion in the literature on the microporous nature of mesoporous 
silica templated using surfactants with PEO head groups'"''^'*'^. These silicas were 
prepared via a self-assembly route using TEOS and ~3 wt% surfactant, but these 
discussions are also valid for the silicas synthesised in this chapter. Part of the PEO head 
group penetrates into the Si(0H)4/water phase as condensation occurs, causing the silica 
wall to be microporous to a depth of ~1 nm. This microporosity contributes significantly 
to surface area and pore volume (10-20%). Attempts have been made to quantify the 
micropore volume using a, - plots'^, see appendix 1 .B. The micropore volume cannot be 
accurately determined if the pore size distribution from the mesoporous channels and the 
pore size distribution for the micropore walls overlap. This leads to an underestimation of 
the micropore volume, even negative micropore volumes if the overlap is significant. The 
microporosity also causes the BET surface area calculation to return surface areas that are 
significantly greater than the true surface area. The pore size distributions for mesoporous 
silica templated from Pluronic PI23 are significantly wider than those of silica templated 
from CTAB in chapter 2 or Brij 78 in chapter 4, which may be a result of the pore 
diameters being several times greater. From the TEM images of ordered mesoporous silica 
samples, the pore size distribution comes fi-om variations in pore diameter along single 
pores, rather than a range of different sized pores. The wider pore size distribution, and 
larger error in pore diameter, hence wall thickness, introduce significant error into the 
theoretical surface area and pore volume which are calculated using a simple geometric 
model, see appendix 3 for details. Figure 3.25 shows the theoretical and measured surface 
area and pore volume of silicas in series 1. It can be seen that the error bars are significant 
for the large pore/thin walled samples, but decrease significantly for thicker walled 
samples. 
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4.1 Background and objectives 
When the phase diagram of Brij 78 (Ci8H37(OCH2CH2)nOH, n ~ 20) and water was 
constructed it revealed an micellar cubic phase (IJ that extended over an unusually large 
range of temperature and composition, see Figure 4.2, which is due to the relatively large 
head group. The extent of the micellar cubic and hexagonal phase has been shown to 
increase with head group size for polyoxyethylene surfactants with a fixed alkyl chain 
length \ see figure 1.3. Micellar cubic phases consist of micelles packed on an ordered 
lattice. There had been no attempts to directly template mesoporous silica using the 
micellar cubic phases. If there were no connectivity between the micelles, a direct 
template would result in surfactant micelles embedded in a matrix of silica, making it 
impossible to remove the surfactant without destroying the silica matrix. If there is 
connectivity between the micelles or the presence of silicate species results in a micellai-
cubic phase with interconnectivity between the micelles, it is possible to directly 
template mesoporous silica. It is also possible that the addition of silicate species could 
cause the hexagonal phase (Hi) to be formed instead. Materials templated from cubic 
phases have a highly connected pore structure accessible from any orientation, unlike 
hexagonal (Hi) structures, which may be advantageous in future applications such as gas 
sensors^. In this chapter, the results of directly templating mesoporous silica from the 
micellar cubic phase of Brij 78 are presented. 
4.2 Experimental 
4.2.1 Phase determination of Brij 78/water mixture 
A phase diagram was constructed for Brij 78 using polarised light microscopy as outlined 
in appendix l.D. Samples were prepared at 5 wt% intervals from 5 to 95 wt%. Brij 78 
was used as supplied by Aldrich. 
4.2.2 Preparation of mesoporous silica 
The route followed for preparing mesoporous silica was based on a method described by 
Attard et.al^. Brij 78 was dissolved in TMOS with gentle heating in a sealed flask. The 
resulting mixture was left to cool to room temperature and the required amount of 0.5 M 
HCl(aq) was then added. After leaving the hydrolysis reaction to proceed for ca. 1 minute 
the methanol produced by the hydrolysis was removed on a rotary evaporator, taking 10-
20min. Removal was determined by visual inspection. After methanol removal, the 
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Series  Ratio of  Position of first  Peak width at half  d spacing for first  Further peaks and  Pore to pore 
label  Bru78:  reflection / 29 ±0.02°  height of first  reflection  indexing  distance for an 
TMOS  reflection /°  /±0.05nm  / 28 ±0.02°  H| structure 
(w/w)  /nm 
la  1:0.6  1.49  0.43  5.9  - 7.9 
lb  1:0.9  2.05  0.44  4.3  - 5.5 
Ic  1:1.2  2.05  0.48  4.3  - 5.1 
Id  1:1.5  1.71  0.17  5.2  2.90,3.33  6.1 
le  1:1.8  1.65  0.19  5.4  2.84, 3.25  6.4 
If  1:2.1  1.63  0.25  5.4  2.87, 3.22  6.4 
Ig  1:2.4  1.69  0.26  5.2  2.95  6.2 
Ih  1:2.7  1.70  0.23  5.2  2.95, 3.45  6.2 
li  1:3.1  1.71  0.28  5.2  2.97  6.2 
Ij  1:4.0  2.04  0.23  4.3  3.62 (broad)  5.6 
Ik  1:5.0  2.02  0.38  4.4  3.82 (broad)  5.6 
Table 4.2 Peak positions and peak widths at half height for powder X-ray diffraction patterns obtained 
from calcined mesoporous silicas prepared from 40 wt% Brij 78. 
Figure 4.4 shows the X-ray diffraction patterns obtained for calcined silica samples, with 
the data summarised in table 4.2. All samples showed at least one peak. Those samples 
that exhibited more than one peak could be indexed to an Hi structure, the d spacing 
ratios are 1: 1/^3:1/^4. No further peaks were observed at higher angles. There is a 
strong correlation between the degree of structural ordering in the as-synthesised and the 
calcined samples. Calcination resulted in a general increase in the FWHM, due to 
framework contraction, particularly in the more disordered samples. At the lowest ratios 
of Brij 78:TM0S, 1:0.6 and 1:0.9, samples la and lb, the single broad X-ray peak is 
evidence of a very disordered mesoporous material. Increasing the ratio to 1:1.2 resulted 
a more ordered structure with a sharper single peak. In the Brij 78:TMOS ratio region of 
1:1.5 to 1:2.7, highly ordered mesoporous silica, with three characteristic peaks, were 
formed, with the d spacing approximately constant at 5.3 nm. The FWHM for these 
samples was in the range of 0.17 to 0.26°. At a ratio of 1:3.1 and above, the structural 
ordering decreases, with the 2^^ and 3"^^^ peaks become less resolved, merging into a single 
broad peak. There is also a small decrease in the d spacing to 4.4 nm. 
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Figure 4.7. TEM micrographs for silicas prepared from 40wt% Brij 78 and 1:0.6 - 5.0 mass ratio of Brij 
78:TMOS. Representative micrographs are shown for each sample. Labels, eg la 1:0.6, correspond to the 
unique code for each material and the mass ratio of Brij 78:TMOS. All scale bars are 50 nm 
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Series  Ratio of  d spacing for first  TEM Parallel lines /  TEM Hexagonal /  TEM cubic/ 





±0.3 nm  ±0.3 nm  ±0.3nm 
la  1:0.6  5.9  - -
-
lb  1:0.9  4.3  - -
-
Ic  1:1.2  4.3  4.3  -
-
Id  1:1.5  5.2  3.8  4.5  4.4 
le  1:1.8  5.4  4.8  5.7  4.5 
If  1:2.1  5.4  5.1  4.7  4.9 
Ig  1:2.4  5.2  4.8  5.8  4.9 
Ih  1:2.7  5.2  4.8  5.5  4.8 
li  1:3.1  5.2  5.1  5.4  4.7 
Ij  1:4.0  4.3  4.5  5.3  4.8 
Ik  1:5.0  4.4  4.9  -
-
Table 4.4 Repeat distances from TEM images. The d spacing of the first powder X-ray diffraction peak is 
also included in the table for comparison to these measurements 
The powder X-ray diffraction data is consistent with the silica sample having the same 2d 
hexagonal mesoporous structure as the silicas in Chapter 2 and 3, but the polarising 
optical microscopy observations of the as-synthesised samples showed the samples are 
isotropic, indicative of a cubic phase. For the most ordered silica samples, the TEM 
images are also not consistent with a 2d hexagonal structure, a cubic arrangement of 
pores is observed in addition to the parallel fringes and hexagonal ordered pores that are 
observed for a 2d hexagonal system. The more disordered samples also displayed a 
"worm-like" structure, and a TEM image of sample Id shows an interesting cubic 
projection, but this is the only region seen with that structure. This means that either 
there are two different structures present, which is not supported by the pore size 
distribution, X-ray data and polarising optical microscopy observations, or that the three 
different types of TEM images observed are projections of a single, undetermined, cubic 
structure. If the different types of TEM images observed are the different projection of a 
single structure, there should be a constant relationship between the repeat distanced in 
the different projections. The repeat distances measured from the TEM images are 
between 4 and 6 nm. There is a loose relationship between the different projections. In 
general, the hexagonal repeat distances are slightly greater than those of the cubic or 
parallel fringes, which are similar. The d spacing of the first powder X-ray diffraction 
4-^ Chapter 4 Synthesis of mesoporous silica using Brij 78 
wall thickness, the micropore volume becomes a greater percentage of the total pore 
volume. The micropore volume peaks at 20% of the total pore volume for silica sample 
Ik, which has the thickest walls and smallest pore diameter. This is expected, since the 
micropore volume is generated by the PEO head group of the surfactant penetrating the 
silica walls, hence the micropore volume is proportional to the pore radius while the 
while the pore volume due to the mesopore is proportional to the radius squared, 
therefore as the pore diameter decreases the micropore volume becomes a greater 
percentage of the total pore volume. The exact mesoporous structure has not been 
determined, therefore the theoretical surface area and pore volume can't be calculated 
from a geometric model, but the significant micropore volumes will cause the BET 
surface area to be overestimated. 
4.5 Conclusions 
Using the complementary techniques of TEM, powder X-ray diffraction and N? 
adsorption/desorption isotherms, a series of mesoporous cubic silicas have been 
characterised. It was not possible to precisely determine the mesoporous structure, but it 
appears to be some type of cubic structure from the polarising optical microscopy and 
TEM images. The type of cubic structure could not be determined from the X-ray 
diffraction pattern. All the ordered silica samples prepared have the same cubic 
mesoporous structure. The mesoporous silica structure produced is not a direct template 
of the micellar cubic phase of Brij 78 that is formed from a binary mixture of water and 
Brij 78, as the X-ray diffraction patterns are different. The mesoporous structure could be 
determined using high resolution TEM and electron crystallography on a well ordered 
silica sample. Further exploration of the Brij 78/TMOS/0.5 M HCl(aq) ternary diagram 
may produce mesoporous silica with different cubic structures. 
Similarly to the Hj-SiO? produced in chapter 3 using Pluronic PI23, the most ordered 
sample were formed when there is relatively little water left after the TMOS is 
hydrolysed. The most ordered mesoporous structures had a TMOS:water molar ratio of 
1:5.3 - 8.4, giving Si(0H)4:water molar ratio of 1:1.3 - 4.4 after complete hydrolysis. 
With more water present, the more disordered the mesoporous structure, but with less 
water there is a slight decrease in long range order. 
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Chapter 5 
Synthesis of Mesoporous Silica using Pluronic F127 
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the structure that would be formed was unknown. It was possible that the structure formed 
would have the same cubic structure as silica templated from Brij 78, the SBA-16 cubic 
structure, another cubic structure, or a hexagonal structure. The structuie fonned could 
have also been dependent on the composition used. The extensive micellar cubic phase of 
Pluronic F127 was also of interest because it allows the synthesis of mesoporous silica 
with wide range of pore diameter and wall thickness. In this chapter, a considerable area 
of the Pluronic F127/TMOS/0.5 M HCl(aq) ternary diagram was explored to determine 
what mesoporous silica structures can be templated from high concentrations of Pluronic 
F127. 
5.2 Experimental 
5.2.1 Preparation of mesoporous silica 
The route followed for preparing mesoporous silica was based on a method described by 
Attard et.al"^. Pluronic F127 was dissolved in TMOS with gentle heating in a sealed flask. 
The resulting mixture was left to cool to room temperature and the required amount of 0.5 
M HCl(aq) was then added. After leaving the hydrolysis reaction to proceed for ca. 1 
minute the methanol produced by the hydrolysis was removed on a rotary evaporator, 
taking 10-20 min. Removal was determined by visual inspection. After methanol 
removal, the silica gel was cured in sealed reaction flask in an oven at 45°C for one week 
Surfactant removal was achieved by calcination in a tube furnace at 450°C under N? for 7 
hours, followed by O2 for 15 hours (heating rate 10°C min"'). Three series of mesoporous 
silicas were templated from Pluronic F127, as listed below. 
Series 1 - The ratio of 0.5 M HCl(aq) to Pluronic F127 was kept constant (1:1 by mass) 
while varying the amount of TMOS. 
Series 2 - The ratio of Pluronic F127 to TMOS was kept constant (1:1.5 by mass) 
while varying the amount of 0.5 M HCl(aq). 
#  Series 3 - The ratio of 0.5 M HCl(aq) to TMOS was kept constant (1:1.5 by mass) while 
varying the amount of Pluronic F127. 
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Ih. From sample Ih to In the pore size gradually decreases from 8.8 mn to 5.0 mn. The 
corresponding increase in wall thickness, from 4.3 nm to 6.0 nm, is smaller due to gradual 
decrease in d spacing for these samples. The increase in wall thickness and decrease in 
pore diameter is accompanied by the expected decrease in surface area and pore volume. 
The surface areas of all the samples are large, in the range of 413 - 962 m^g"'. The half 
height peak widths of the pore size distributions ai e in the range of 1.4 - 2.2 nm for 
samples Id to In. The pore volume peaks at 1.36 cm^g"' for sample Id, with it decreasing 
gradually for samples either side. The hysteresis observed in the isotherms that occurs at 
pressures greater than 0.4 P/P is characteristic of materials with pore diameters greater 
than 3.7 nm^'^ and not due to bottlenecking or pore blocking. 
5.3.1.3 TEM studies of silicas in series 1 
Figure 5.6 shows representative TEM images for calcined silicas in series 1, with the data 
summarised in table 5.3. The structural order observed in the TEM images of series 1 
silicas supports the degree of structural order as determined by X-ray diffraction and Nz 
adsorption isotherm data. TEM images of samples la and lb show a disordered structure, 
sample Ic show some regions of ordered structure. At Pluronic F127 ratios between 1:1.0 
and 1:2.75, highly ordered materials were observed. There is a decrease in structural 
ordering when the Pluronic F127:TMOS ratio is increased from 1:3.0 to 1:4.0, the TEM 
images get progressively less ordered as the amount of TMOS is increased. 
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5.3.1.4 Summary of results for silicas in series 1 
Samples la and lb are disordered porous silicas. Sample Ic has a disordered cubic 
structure. The most ordered cubic structures are found in the Pluronic F127:TMOS ratios 
of 1:1.00 to 1:2.75, samples Id to Ih. Samples If and Ig show the greatest long range 
structural order, being the only samples with three X-ray diffraction peaks, with a gradual 
decrease in structural ordering as the TMOS concentration is increased further. For 
Pluronic F127:TMOS ratios 1:3.00 to 1:4.00 the cubic structure becomes progressively 
more disordered until no structural ordering is observed. For Pluionic F127:TMOS ratios 
of 1:1.00 to 1:1.75 the pore diameter is between 7 to 8 nm, with a wall thickness of 
roughly 4 run. From Pluronic F127:TMOS ratios of 1:2.00 to 1:4.00, the pore size 
gradually decreases from 8.8 nm to 5.0 nm, with a corresponding increase in wall 
thickness, from 4.3 nm to 6.0 nm. 
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Figure 5.9 Pore size distributions calculated from nitrogen adsorption curves of calcined silicas in series 2, 
prepared using varying amounts of 0.5 M HCl(aq)- Labels, eg 2a (40 wt%), correspond to the unique code for 
each material and the weight percent of Pluronic F127 used . Note the plots have been displaced on the 
dVp/dr axis so they can all be viewed clearly on one plot. 
5.3.2.3 TEM studies of silicas in series 2 
Figure 5.10 shows representative TEM images for silicas in series 2, with the data 
summarised in table 5.6. The structural order observed in the TEM images of series 2 are 
in agreement with the degree of structural order determined by the powder X-ray 
diffraction and Nz adsorption isotherm data. TEM images of sample 2a show a disordered 
porous structure. Samples 2b to 2d show an increasing degree of structural ordering of I, 
silica. Samples 2e to 2h show a well ordered mesoporous structure. 
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Sample: 2h 65wt%  Sample; 2h 6)wt% 
Sample: 2h 65wt%  Sample: 2h 65wt% 
Figure 5.10 TEM micrographs of calcined silicas samples in series 2, prepared from 25-65wt% Pluronic 
F127 with a F127:TMOS ratio of 1:1.5 (by mass). Representative micrographs are shown for each sample. 
Labels, eg 2a 40wt%, correspond to the unique code for each material and the weight percent of Pluronic 
F127 used. All scale bars are 50 nm 
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Sample: If 1:1.50 50wt%  Sample: If 1:1.50 50wt% 
Sample: If 1:1.50 50wt%  ,J Sample: If 1:1.50 50wt% 
Sample: 3f 1 1.23 55wt%  Sample: 3f 1.1.23 55wt% 
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5.3.3.4 Summary of results for silicas in series 3 
Samples 3a has a disordered mesoporous structure with a very broad pore distribution. 
The structural order increases from samples 3b to 3h, as the pore diameter increases from 
6.0 nm for sample 3b to 10.2 nm for sample 3h, and the wall thickness decreases from 6.0 
nm for sample 3b to 1.9 nm for sample 3h. The pore size distribution broadens slightly 
from 3b to 3h. The X-ray diffraction peak widths for the first peaks decreases through the 
series, from 0.19° for sample 3a to 0.11° for sample 3h. Samples 3e to 3h exhibit two or 
three X-ray diffraction peaks, showing good long range structural order. 
5.3.4 Comparison of results in series 1, 2 and 3 
In the experimental section a ternary diagram was used to display the compositions used 
in series 1, 2 and 3 (figure 5.2). By plotting the experimental data for all silica samples on 
a ternary diagram it was possible to compare results between series and visualise how the 
structure produced varies with the composition of the initial reaction mixture. What 
follows are ternary diagrams representing the data obtained from powder X-ray 
diffraction, Ni adsorption isotherms and TEM studies. After the data were plotted on the 
ternary diagrams contours were drawn in by hand. The positions of the contours were 
determined by joining up points were the data values were within a defined range. Where 
no data points were available, the boundary of the contour was deduced by extrapolating 
measurements from surrounding points, consequently the contours can only used as an aid 
to visualising trends in the data. 
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Chapter 6 
Synthesis of Mesoporous Silica using Pluronic P123 
and F127 with Cosolvents/Cosurfactants 
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The work presented in this chapter used a range of organic molecules of varying 
hydrophobicities as cosolvents with either 50 wt% (w.r.t 0.5 M HCl(aq)) Pluronic PI23 or 
F127 as the template. A series of silica samples were prepared using surfactant: co solvent 
ratios in the range of 1:0.13 to 1:1 for each additive. The cosolvents used were 1,3,5 
trimethyl benzene, 1 -decanol, ethanediol, 1,3 propanediol, 1,4 butanediol and 2,2 
dimethoxy propane. Mixtures of Pluronic P123 or F127 with Brij 72 (CigEOi), Brij 76 
(CigEOio), and Brij 78 (CigEOzo), were also used as direct templates. There is a large 
difference in size between the Brij and Pluronic surfactants that may have caused them to 
act more like cosolvents than cosurfactants, particularly with Pluronic F127. 
6.3 Experimental 
6.1.1 Preparation of mesoporous silica 
The route followed for preparing mesoporous silica was based on a method described by 
Attard et.al^. Either Pluronic F127 or P123, which ever was required, and Brij 
CO surfactant, if it was required, was dissolved in TMOS with gentle heating in a sealed 
flask. The resulting mixture was left to cool to room temperature and the required 
amount of organic additive and 0.5 M HCl(aq) was then added. After leaving the 
hydrolysis reaction to proceed for about 1 minute the methanol produced by the 
hydrolysis was removed on a rotary evaporator, taking 10-20 min. Removal was 
determined by visual inspection. After methanol removal, the silica gel was cured in 
sealed reaction flask in an oven at 45°C for one week. Surfactant removal was achieved 
by calcination in a tube furnace at 450°C under N2 for 7 hours, followed by O2 for 15 
hours (heating rate 10°C min"'). 
For Pluronic P123 with cosolvents/cosurfactants, the reaction composition was kept 
constant at 2.5g TMOS, 1.67g Pluronic P123 and 1.67g 0.5 M HCl(aq). This gives a 50 
wt% Pluronic PI23 w.r.t. 0.5 M HCl(aq) with a P123:TMOS ratio of 1:1.5 (w/w), the 
same as sample If in chapter 3. The ratio of Pluronic PI 23 :cosolvent/cosurfacant was 
then varied between 1:0.13 and 1:1. The additives used were 1,3,5 trimethyl benzene, 1-
decanol, 1.2 ethanediol, 1,3 propanediol. 1,4 butanediol. 2.2 dimethoxy propane, Brij 72, 
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Brij 76, and Brij 78. For Pluronic PI23 with Brij 78, a second series was produced where 
the total surfactant mass was kept at 1.67g with the Pluronic PI23:Brij 78 ratio varied 
between 1:0.13 and 1:1. 
For Pluronic F127 with cosolvents/cosurfactants, the reaction composition was kept 
constant at 2.5g TMOS, 1.43g Pluronic F127 and 1.43g 0.5 M HCl(aq). This gives a 50 
wt% Pluronic F127 w.r.t. 0.5 M HCl(aq) with a F127:TMOS ratio of 1:1.75 (w/w), the 
same as sample Ig in chapter 5. The ratio of Pluronic F127:cosolvent/cosurfacant was 
then varied between 1:0.13 and 1:1. The additives used were 1,3,5 trimethyl benzene, 1 -
decanol, Brij 72, Brij 76 and Brij 78. 
The compositions of all the samples prepared are listed in appendix 2. The error in a 
sample composition is ± 0.5 % (by mass) for each component. Each sample is given a 
unique label, the first letter, either P or F, denotes that Pluronic PI23 or F127 was used, 
respectively, the two numbers denote the ratio of surfactant to cosolvent/cosurfactant 
used, 13,25,38,50 and 1 correspond to ratios of 1:0.13, 1:0.25, 1:0.38, 1:0.50, 1:1. The 
last three letters are abbreviations for the cosolvent/cosurfactant used either 1,3,5 
trimethyl benzene (TMB), 1-decanol (DEC), ethanediol (ETD), 1,3 propanediol (PD), 1,4 
butanediol (BUD), 2,2 dimehoxy propane (DMP), Brij 72 (B72), Brij 76 (B76) or Brij 78 
(B78). In this chapter, the phrase "concentration of surfactant" is used to denote the 
weight percentage (wt%) of surfactant with respect to the acid solution content only. For 
example, a reaction mixture containing 0.9 g of TMOS, 0.5 g of Pluronic F127 and 0.5 g 
of 0.5 M HCI was said to have a surfactant concentration of 50 wt%. 
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6.4.3.11 TEM studies of selected silica samples 
Due to time constraints TEM studies were only preformed on a few of the samples in this 
chapter. The lack of TEM for most of the samples is not a problem, as it has been shown 
in previous chapters that there is a consistent correspondence between the degree of 
structural order observed in the TEM, small angle X-ray diffraction and the pore size 
distribution. 
Representative TEM images of sample P50TMB are shown in figure 6.31 .A and B. The 
images show an ordered mesoporous structure with an average pore separation of 11.7 
nm and pore diameter of 7 - 9 rmi. These values are slightly smaller than the X-ray 
diffraction and N2 isotherm measurements. 
Representative TEM images of sample P50PD are shown in figure 6.31.C and D. The 
images show an ordered mesoporous structure with an average pore separation of 9.3 
nm, which is in agreement with X-ray diffraction measurements. 
Representative TEM images sample PI BUD are shown in figure 6.31. E and F. The 
images show a disordered mesoporous structure that is consistent with broad pore size 
distribution and single X-ray diffraction peak. 
Representative TEM images sample P25DMP are shown in figure 6.31. The images 
show an ordered mesoporous structure with an average pore separation of 9.6 nm and 
pore diameter of 6 nm. These values are slightly smaller than the X-ray diffraction and 
N2 isotherm measurements. 
Representative TEM images sample P50B78C are shown in figure 6.31. H to K . The 
images show an ordered mesoporous structure with an average pore separation of 8.4 
nm. This value is slightly smaller than the X-ray diffraction measurement. 
The TEM measurements of studied samples are support the X-ray diffraction and N? 
adsorption measurements, but give slightly smaller values for pore separations and pore 
diameters as seen before in previous chapters. 
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The addition of increasing amounts of 1,3,5 triniethyl benzene results in an increase in 
the pore diameter from 8.7 nm to 11.4 nm with a broadening of the pore size distribution 
but with little change in the wall thickness. At a P123:TMB ratio of 1:1 there is a loss of 
ordered to the mesoporous structure, with a pore size distribution that is broad with no 
peak, tailing out to 3.5 nm. 
The addition of 1-decanol is very detrimental to the ordered mesoporous structure. At 
the lowest PI23:1-decanol ratio used, 1:0.25, the silica produced had a disordered 
mesoporous structure with a very broad pore size distribution with no peak that tails out 
to 5 nm. As the decanol content was increases, the pore size distribution remained broad 
with no peak, but tailed out further to 9 nm then 20 nm. 
The addition of diols caused a reduction in pore diameter and an increase in wall 
thickness. The reduction in pore size in proportional to alky chain length. The addition of 
increasing amounts of ethanediol results in a decrease in the pore diameter from 8.7 nm 
to 6.8 nm with an increase in the wall thickness from 1.6 nm to 4.5 nm. The addition of 
increasing amounts of 1,3 propanediol results in a decrease in the pore diameter from 8.7 
nm to 5.0 nm with an increase in the wall thickness from 1.6 nm to 4.3 mn. The addition 
of increasing amounts of 1,4 butanediol results in a decrease in the pore diameter from 
8.7 nm to 4.2 nm with an increase in the wall thickness from 1.6 mn to 4.3 mn. 
The addition of 2,2 dimethoxy propane results in an increase in long range structural 
order, a 4"^ X-ray diffraction peak is present with better resolution of the 2"^ and 3"^^ 
peaks. There pore diameter varies between 8.0 and 8.7 mn and the wall thickness 
increases to 2.3 - 2.9 nm. 
The addition of increasing amounts of Brij 72 results in a decrease in the pore diameter 
from 8.7 nm to 6.7 nm with an increase in the wall thickness to 3.1 nm. Increasing Brij 
72 content resulted in a progressive decrease in long range structural order. 
The addition of increasing amounts of Brij 76 results in a decrease in the pore diameter 
from 8.7 nm to 7.3 nm with little change in the wall thickness. At P123:brij 78 ratios of 
1:0.13, 1:0.25 and 1:0.38 the mesoporous structure showed increased long range order, 
with a 4"^ X-ray peak present, but further increase in the Brij 76 content decreases the 
long range order. The addition of increasing amounts of Brij 78 results in a decrease in 
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6.4.4.5 Pluronic F127 with Brij 78 
6.4.4.5.1 Powder X-ray diffraction of silica 
Figure 6.45 shows the X-ray diffraction patterns obtained for the calcined silica samples 
with the data summarised in table 6.29. All samples showed three peaks that could be 
indexed to an Hj structure. As the Brij 78 content is increases the d spacing decreases to 
9.0 nm with a slight broadening of the peak width. 
Series label  Ratio of  Position of first  Peak width at half  d spacing for first  Further peaks and  Pore to pore 
F127:  reflection /29  height of first  reflection / nm  indexing  distance for an 
Brij 78  ±0.02°  reflection /±0.02°  / 26 ±0.02°  H| structure / 
(w/w)  nm 
F127REF  1:0  0.85  0.12  10.40±0.10  1.46, 1.69  12.0±0.15 
F25B78  1:0.25  0.95  0.12  9.3±0.10  1.64,1.88  10.8±0.10 
F50B78  1:0.50  0.98  0.14  9.0±0.10  1.70,1.98  10.4±0.I0 
Table 6.29 Peak positions and peak widths at half height for X-ray diffraction patterns obtained from 
calcined mesoporous silicas prepared from Pluronic F127 with Brij 78. 





Figure 6.45 Powder X-ray diffraction patterns obtained for calcined silica, prepared from Pluronic F127 
with Brij 72. Plots have been displaced to allow all patterns to be clearly viewed on one plot. The plots 
have also been scaled in the y-axis to allow easy comparison of FWHM. The inset graph shows a 
magnified plot in the region of the 2'"* and 3"* peaks. Labels on the right correspond to a unique code for 
each sample. 
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thickness. The addition of 1,3 propanediol and 1,4 butanediol produces unexpected 
result. Both are more hydrophobic than ethanediol therefore should show greater 
partitioning into the hydrophobic core, resulting in a smaller reduction in pore size, or 
possibly pore swelling with butanediol, but the opposite happens. With the addition of 1, 
3 propanediol the pore diameter is decreased farther to 5.0 nm with a wall thickness of 
4.3 nm. The addition of more hydrophobic butanediol causes an even greater decrease in 
pore diameter, 4.2 nm with 4.3 nm wall thickness. 
6.5.2 Mixture of Pluronic P123, F127and Brij 72, 76, 78 
The mixtures of Pluronic PI 23 (EO20PO70EO20) with Brij 72, 76, and 78 behaved much 
as expected. Brij 78 and Pluronic PI23 both have the same headgroup, but Brij 78 has a 
much smaller tailgroup, resulting in a decrease in the micelle radius as the proportion of 
Brij 78 is increased, resulting in a decrease in the pore diameter from 8.7 nm to 6.3 nm. 
Brij 76 has a smaller headgroup, resulting in a smaller decrease in pore diameter to 7.3 
nm before ordered structure is lost. The addition of Brij 76 and 78 resulting in an 
increase in long range structural order, as an additional, weak, 4**^ X-ray peak is present. 
Brij 72 has a much smaller headgroup, resulting in a mismatch between the surfactants, 
causing a decrease in structural order and a broadening of the pore size distribution. 
The mixtures of Pluronic F127 (EO;ogPOyoEO] %) with Brij 72, 76, and 78 behaved in the 
opposite way to with Pluronic PI23. Due to the F127 headgroup much larger than Brij 
headgroups, 5 - 5Ox larger, the Brij headgroup has little effect on the curvature, but the 
alkyl tail acts to swell the hydrophobic core, resulting in an increased pore diameter. If 
too much Brij is present the ordered structure is lost. The addition of Brij 72 increases 
the pore diameter up to 9.0 nm while decreasing the wall thickness to 3.5 nm. As the size 
of the Brij headgroup is increased the micelle swelling decreases. With Brij 76 the pore 
diameter increases up to 8.7 rrai, and with Brij 78 up to 8.0 nm. 
6.5.3 Comparison of the wall thickness and pore diameters produced 
The pore diameter and wall thickness of all ordered Hi silicas presented in chapters 3 and 
6 are plotted on the graph in Figure 6.50. In his Thesis^, N. Coleman templated ordered 
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Hi silicas from the Hi phase of Brij 56 (C %6H33(OCH2CH2)gOH), the results of which are 
included in the graph in Figure 6.50 for comparison because a similar region of the 
surfactant/TMOS/0.5 M HCl(aq) ternary diagram was explored compared to Pluronic 
PI23 in chapter 3. The silica samples templated from Brij 56 are scattered about a line 
where the sum of the pore diameter and wall thickness is equal to 5.5 nm, over a pore 
diameter range of 2.5 - 4.0 nm. Due to the larger hydphobic core and headgroup, the 
silica samples templated from Pluronic PI23 exhibit larger pores over a greater range, 
they are scattered about a line where the sum of the pore diameter and wall thickness is 
equal to 12 nm, over a pore diameter range of 4 - 10 nm. The addition of ethanediol, 
propanediol, butanediol, 2,2 dimethoxy propane to the reaction mixture produced silicas 
with wall thickness/pore diameter combinations that are also scattered about the line 
where the sum of the pore diameter and wall thickness equals 12 nm. The addition of 
TMB increased maximum pore diameter available by 1 nm to 11 nm. The addition of 
Brij 72, 76, 78 to reaction mixture results in silicas with walls 1-1.5 nm thinner at the 
same pore diameter as the sample templated from Pluronic PI23. 
The pore diameter and wall thickness of all ordered cubic silicas presented in chapters 4, 
5, and 6 are plotted on the graph in Figure 6.51. The silica samples templated from Brij 
78 are scattered along about a line where the sum of the pore diameter and wall thickness 
is equal to 6 mn, over a pore diameter range of 3.0 - 4.5 nm. As with Pluronic PI23, due 
to the larger hydphobic core and headgroup, the silica samples templated from Pluronic 
F127 exhibit larger pores over a greater range, they are scattered about a line where the 
sum of the pore diameter and wall thickness is equal to 12 mn, over a pore diameter 
range of 5 - 10 nm. The addition of TMB increased the pore diameter available for the 
same range of wall thickness and increased the maximum pore diameter to 14 nm. The 
addition of Brij 72. 76, and 78 results in pore diameter/wall thickness combinations that 
are in the range of those produced by the use of Pluronic F127 alone. 
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Summary and Conclusions 
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7.1 Summary and conclusions 
A range of mesoporous silicas were templated from lyotropic liquid phases of CTAB, 
Brij 78, Pluronic PI 23 and Pluronic F127. The regularity and morphology of the 
mesoporous structures were examined using small angle X-ray diffraction, transmission 
electron microscopy and Ni adsorption isotherms as a function of the reaction 
composition. 
Mesoporous silica was successfully templated from the Hi phase of CTAB under strongly 
alkaline (>0.7 M NaOH) hydrothermal conditions using fumed silica as the silica source. 
The sample showed good long range order, having 4 small angle X-ray diffraction peaks, 
and a narrow pore size distribution (0.4 nm full-width at half-maximum). The pore 
diameters were between 3.2 and 3.5 nm, which is slightly smaller than the 3.7 nm for 
MCM-41 silicas templated from CTAB\ The wall thickness is significantly greater than 
the MCM-41 silicas, 1.1 - 1.4 nm compared with 0.8 - 1.0 nm. TEM studies of the silicas 
revealed a number of defects in the Hi structure such as +71 disclinations, transverse edge 
dislocations and a screw dislocation, see figure 2.9. 
The remaining silicas were synthesised from TMOS/surfactant/0.5 M HCl(aq) mixtures at 
45°C using the method described by Attard et al.^, where a vacuum was used to remove 
the methanol produced by hydrolysis of TMOS. The central region of the 
TMOS/surfactant/0.5 M HCl(aq) ternary diagram was explored, where the surfactant 
concentration is relatively high. The most ordered mesoporous silicas were produced 
when there was very little water left after the hydrolysis of the TMOS, 1:5-7 
TMOS: water molar ratio. If not enough TMOS is present the condensation takes place in 
a more dilute solution, causing the formation of a disorder Hi structure with a very broad 
pore distribution. With more TMOS, where all the water present is used to hydrolyse 
TMOS, there is a gradual decrease in order up to the 1:2 TMOS:water molar ratio 
hydrolysis limit, but a reasonable degree of order is retained. The ideal TMOS:water 
ratio is only one requirement for a well-ordered mesoporous silica, the liquid crystal 
template must also have good long range order. With higher than ideal TMOS 
concentrations there is very little water left after the hydrolysis of TMOS. However, 
polarised light microscopy showed that for Pluronic PI23 the Hi phases were formed 
even in the absence of water. Lyotropic phases are also observed with solvents that, like 
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Digitisation of the negatives was carried out using an AGFA Duoscan T1200 scanner 
attached to a PC. The Duoscan had a special transparency tray that was designed for 
scanning negatives and could produce high-resolution scans of the original negative in 
12-bit greyscale. Adjustment of brightness and contrast of the scarmed images was 
carried out using Corel Photopaint 10. Measurements, from the images, such as pore to 
pore distance were carried out using Scion image^. 
Analysis of results 
To properly assess the nature of any mesoporosity within a sample it was necessary to 
have a number of representative micrographs. In terms of structural order, the 
mesoporous silicas could be placed into four categories: 
1) The silica did not have any mesoporosity. 
2) The silica was mesoporous but disordered. 
3) The silica was mesoporous and sufficiently ordered that the phase could be identified. 
4) The silica was mesoporous and the phase easily identifiable. 
The repeat distances in ordered structures observed were measured by averaging across a 
number of repeat units. To ensure the scale bar on the micrograph was accurate the TEM 
was calibrated using asbestos fibres with known lattice spacings. In H, materials, there is 
a tendency for the particles to lye with the channels parallel to the carbon film. 
Consequently, at first sight, the material appeared lamellar but on further investigation 
the end on view of the hexagonally arranged pores was revealed^. Confirmation of a 
homogeneous hexagonal phase, throughout the material, could be obtained by measuring 
the ratio of the repeat distance of the pores, side on, to the repeat distance end on (figure 
lb). Cubic structures show ordered patterns when electron beam is aligned with a lattice 
plane. This results in a number of different patterns for the same cubic structure, with the 
repeat distances related by a factor. 
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Experimental parameters 
For all the nitrogen adsorption/desorption experiments described in this thesis the 
following procedure was adopted: 
1. Sample tubes were cleaned by washing with deionised water and rinsed with acetone 
before drying in an oven, at 60°C, overnight. 
2. Samples were weighed out accurately (~20mg of silicas) into the analysis tube. 
3. The instrument was set up with the following parameters before starting the analysis: 
• 40 adsorption points between P/Pq 0.01-0.95 and 32 desorption points. 
• Sample weight (see above) 
• Saturation pressure Fq - 760 mmHg 
• Evacuation rate 500 mmHg/min 
• Evacuation time 30 min 
4. The automated BET analysis was carried out on adsorption points at relative 
pressures (P/Po) between 0.05 and 0.30. 
5. Pore volumes were obtained at a relative pressure (P/Po) of -0.95 
6. The relative pressure and volume of nitrogen were entered in a spreadsheet to 
calculate a pore size distribution and a more accurate BET measurement that 
excludes pressures where capillary condensation occurs in the pores. 
The first page of output after the analysis of a mesoporous silica was complete is shown 
in figure Id. 
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relative pressure is reached the adsorption isotherm will contain a step as nitrogen is 
rapidly adsorbed into the pores. The wider the pore size range, the more stretched the 
step. Microporous solids such as zeolites have very large internal surface areas compared 
to their external surface areas and filling of the pores occurs at low relative pressures 
(Figure le.a). At the other extreme a macroporous solid does not exhibit pore filling 
until high relative pressures (Figure le.b). A mesoporous material exhibits pore filling at 
intermediate relative pressures; A hysteresis loop is associated with capillary 
condensation when the pore diameter is greater than 3.7 nm (figure le.c)^^"'' 
For the mesoporous materials described in this thesis nitrogen adsorption/desorption 
curves of V against P/Po were plotted using the output from the Gemini analyser. This 
data was then used to calculate the pore size distribution using the Doolimore and Heal 
method described below'. 
Pore size analysis of nitrogen desorption isotherms 
It was mentioned in the previous section that the size of pores that are present and the 
range of pore sizes determine the form of a nitrogen adsorption/desorption isotherm. 
Pore size analysis takes this principle one step further by applying a mathematical 
analysis of the form of the isotherm to deduce a pore size distribution. A number of 
methods have been described in the literature for calculating pore size distributions'*'''^. 
In essence, they are all based on the Kelvin equation (2), which relates the relative 
pressure at which capillary condensation occurs to the pore radius of mesopores. 
,„P/P.=^ (2) 
Where y is the surface tension of adsorbate 
V is the molar volume of adsorbate 
R is the gas constant 
T is the absolute temperature 
rk is the capillary condensate radius 
P/Po is the relative pressure 
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BET surface area analysis 
The specific surface area of powders is determined almost exclusively by the BET^ 
(Brunauer-Emmett-Teller) method. The surface area of a solid can be obtained by 
applying the BET model to the nitrogen adsorption data. The BET isotherm model is 
based on a multilayer coverage on the solid. The rate of adsorption onto the adsorptive 
sites of the solid is assumed to be equal to the desorption rate of the gas from the 
occupied sites.. Thus, a linear equation can be derived, usually called the 'BET 
equation': 
' (5) 
V(P,-P) V,c V,CP^ 
where Va is the moles of gas adsorbed per gram of adsorbent when the gas pressure is P, 
Vm is the monolayer capacity of the surface, that is, the number of moles of gas per gram 
of adsorbent required to form a monolayer, Pq is the saturation gas pressure (vapour 
pressure of liquid adsorbate) at the temperature used, and C is a constant. When P/(Po- P) 
verses P/Po is plotted, there is a linear region at low pressure, regression of this region 
allows the values of Vm and C to be calculated from the slope and the y intercept. 
slope = (6) 
intercept = (7) 
From Vm, the volume of gas adsorbed for monolayer coverage per gram of solid and a„„ 
the average area occupied by one nitrogen molecule in the monolayer, the specific 
surface area of the solid can be calculated 
a 
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The construction of phase diagrams 
The phase behaviour of the mixtures was investigated by polarised light microscopy 
using an Olympus BH-2 polarised light microscope equipped with a Linkam TMS90 
heating stage and temperature control unit. The phase behaviour of each mixture was 
characterised by placing a small sample between a glass slide and cover slip and viewing 
under a polarised light microscope. Phase transition boundaries were located to an 
accuracy of ± 2°C by using heating/cooling rates of 0.2°Cmin"' across the boundary. 
Initially a regular series of mixtures was examined (e.g. 10 wt% increments in surfactant 
concentration) and a rough phase diagram constructed. From this further mixtures were 
prepared to better identify the positions of the phase boundaries. 
For the phase diagrams constructed it was important to ensure that the surfactant 
mixtures were homogeneous. Samples for study were prepared by accurately weighing 
out the required amount of surfactant and aqueous solution into a glass vial. After 
sealing the vial, mixing was achieved by at least four heating/cooling cycles where the 
sample was heated to 80°C and cooled to room temperature. In addition, during cooling 
the compositions were vigorously shaken using a vortex mixture. All mixtures were 
allowed to equilibrate at room temperature overnight before analysis. 
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1 .E The construction of ternary diagrams 
Ternary diagrams are useful tools for displaying 3 component data (ternary data) on a 2 
dimensional diagram. The ternary diagrams in this thesis were constructed using the 
Tridraw software package^^. An example of how to read off the composition of a point 
on the ternary diagram is given in figure Ik. 
100 
TMOS/wt% 60  0.5 M HCI/ wt% 
50 
100 
100 90 80 70 60 50 40 30 20 10 
Pluronic P123/ wt% 
Figure Ik An example of a ternary diagram. The composition of the three component 
system can be read as shown by the dashed lines. In this case, the composition at the 
indicated point is 60 wt% TMOS, 12 wt% HCI and 28 wt% Pluronic PI23. 
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Appendix 2 Silica sample compositions 
2.A Chapter 2 CTAB Hi-SiOg compositions 
Sample label and Lab 






TJGS/2357/58  0.37:1  1.65  4.50  6.75  1:0.94  7 
lb 
TJGS/2541/3  0.46:1  2.07  4.50  6.75  1:1.17  7 
Ic 
TJGS/2357/61  0.54:1  2.45  4.50  6.75  1:1.37  7 
Id 
TJGS/2357/62  0.54:1  2.45  4.50  6.75  1:1.37  13 
le 
TJGS/2541/5  0.64:1  2.88  4.50  6.75  1:1.62  7 
If 
TJGS/2357/42  0.73:1  3.48  4.76  7.16  1:1.85  7 
Ig 
TJGS/2357/66  0.73:1  3.48  4.76  7.16  1:1.85  15 
Ih 
TJGS/2541/10  0.90:1  4.05  4.50  6.75  1:2.28  14 
2.B Chapter 3 Pluronic P123 H1-SIO2 compositions 
Series 1 - Vary TIVIOS 
Sample Label 






























1:0.25  2.50  10.00  10.00  22.50  33.78  0.111  0.444  0.444 
1b 
TJGS/2541/70 
1:0.50  2.50  5.00  5 00  12.50  16.89  0.200  0.400  0.400 
1c 
TJGS/2541/64 
1:0.75  2.50  333  333  9.16  11.25  0.273  0.364  0.364 
1d 
TJGS/2541/57 
1:1.00  2.50  2.50  2.50  7.50  8.44  0.333  0.333  0 333 
le 
TJGS/2541/69 
1:1.25  2.50  2.00  2.00  6.50  6.76  0.385  0.308  0.308 
1f 
TJGS/2541/58 
1:1.50  2.50  1.67  1.67  5.84  5.64  0.428  0.286  0.286 
ig 
TJGS/2541/71 
1:1.75  2.50  1.43  1.43  5.36  4.83  0.466  0.267  0.267 
1h 
TJGS/3100/17 
1:2.00  2.50  1.25  1.25  5.00  4.22  0.500  0.250  0.250 
11 
TJGS/3100/08 
1:2.25  2.50  1.11  1.11  4.72  3.75  0.530  0.235  0.235 
1j 
TJGS/2541/63 
1:2.50  2.50  1.00  1.00  4.50  338  0.556  0.222  0.222 
Ik 
TJGS/3100/01 
1:2.75  2.75  1.00  1.00  4.75  3.07  0.579  0.211  0.211 
11 
TJGS/2541/56 
1:3.00  2.50  083  0.83  4.16  2.80  0.601  0.200  0.200 
1m 
TJGS/2541/62 
1:3.50  3.50  1.00  1.00  5.50  2.41  0.636  0.182  0.182 
1n 
TJGS/2541/68 
1:4.00  4.00  1.00  1.00  6.00  2.11  0.667  0.167  0.167 Appendix 2  Silica Compositions 
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Pluronic P123 with cosolvents 
Sample Label 





TMOS /g  Pluronic 
P123/g 























1 1 50  2 50  1 67  1 67  5 84  5 64  0 428  0 286  0 286 
1,3,5 tri methyl benzene 


































2 50  1 67  1 67  0 42  6 26  0 399  0 267  0 267  0 067 
P50TMB 
TJGS/2541/77 
2 50  1 67  1 67  0 84  6 68  0 374  0 250  0 250  0 126 
P1TMB 
TJGS/2541/78 
2 50  1 67  1 67  1 67  7 51  0 333  0 222  0 222  0 222 
1-decanol 






























2 50  1 67  1 67  0 42  0 399  6 26  0 399  0 267  0 267 
P50DEC 
TJGS/3100/20 
2 50  1 67  1 67  0 84  0 374  6 68  0 374  0 250  0 250 
PI DEC 
TJGS/3100/21 
2 50  1 67  1 67  1 67  0 333  7 51  0 333  0 222  0 222 
1,2 ethanediol 































2 50  1 67  1 67  0 42  0 399  6 26  0 399  0 267  0 267 
P50ETD 
TJGS/3100/14 
2 50  1 67  1 67  0 84  0 374  6 68  0 374  0 250  0 250 
P1ETD 
TJGS/3100/15 
2 50  1 67  1 67  1 67  0 333  7 51  0 333  0 222  0 222 
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Brij 78 




























2.50  1.67  1.67  0.21  6.05  0.413  0.276  0.276  0.035 
P25B78 
TJGS/3100/85 
2.50  1.67  1.67  0.42  6.26  0.399  0.267  0.267  0.067 
P38B78 
TJGS/3100/98 
2.50  1.67  1.67  0.63  6.47  0.386  0.258  0.258  0.097 
P50B78 
TJGS/3100/86 
2.50  1.67  1.67  0.84  6.68  0.374  0.250  0.250  0.126 
P1B78 
TJGS/3100/99 
2.50  1.67  1.67  1.67  7.51  0.333  0 222  0.222  0.222 
Brij 78 - 50wt% surfactant 






PI 23 /g 
0.5 M 
HGI(aq) /g 



















2.50  1.48  1.67  0.19  5.84  0.428  0.253  0.286  0.033 
P25B78C 
TJGS/3100/106 
2.50  1.33  1.67  0.33  5.83  0.429  0.228  0.286  0.057 
P38B78C 
TJGS/3100/107 
2.50  1.21  1.67  0.45  5.83  0.429  0.208  0.286  0.077 
P50B78C 
TJGS/3100/108 
2.50  1.11  1.67  0.56  5.84  0.428  0.190  0.286  0.096 
P1B78C 
TJGS/3100/109 
2.50  0.83  1.67  0.83  5.83  0.429  0.142  0.286  0.142 
2,2 dimethoxy propane 

































2.50  1.67  1.67  0.42  6.26  0.399  0.267  0.267  0.067 
P50DMP 
TJGS/3100/51 
2.50  1.67  1.67  0.84  668  0.374  0.250  0.250  0.126 
P1DMP 
TJGS/3100/81 
2.50  1.67  1.67  1.67  7.51  0.333  0.222  0.222  0.222 
Pluronic F127 with cosolvents 
Sample Label 






























1:1.75  2.50  1.43  1.43  536  4.83  0.466  0.267  0.267 
2-g Appendix 2  Silica Compositions 
1,3,5 trimethyl benzene 


































2 50  1 43  1 43  0 36  5 72  0 437  0 250  0 250  0 063 
F38TMB 
TJGS/3100/103 
2 50  1 43  1 43  0 54  59  0 424  0 242  0 242  0 092 
F50TMB 
TJGS/3100/90 
2 50  1 43  1 43  0 72  6 08  0 411  0 235  0 235  0 118 
F1TMB 
TJGS/3100/102 
2 50  1 43  1 43  1 43  6 79  0 368  0 211  0211  0 211 
1-decanol 






























2 50  1 43  1 43  0 36  5 72  0 437  0 250  0 250  0 063 
F50DEC 
TJGS/3100/92 
2 50  1 43  1 43  0 72  6 08  0 411  0 235  0 235  0 118 
Brij 72 







0 5 M 
HCI(aq) /g 



















2 50  1 43  1 43  0 36  5 72  0 437  0 250  0 250  0 063 
F38 B72 
TJGS/3100/104 
2 50  1 43  1 43  0 54  59  0 424  0 242  0 242  0 092 
F50 B72 
TJGS/3100/94 
2 50  1 43  1 43  0 72  6 08  0 411  0 235  0 235  0 118 
F1 B72 
TJGS/3100/101 
2 50  1 43  1 43  1 43  6 79  0 368  0211  0211  0211 
Brij 76 







0 5 M 
HCI(aq) /g 



















2 50  1 43  1 43  0 36  5 72  0 437  0 250  0 250  0 063 
F50B76 
TJGS/3100/80 
2 50  1 43  1 43  0 72  6 08  0 411  0 235  0 235  0 118 
Brij 78 







0 5 M 
HCI(aq) /g 



















2 50  1 43  1 43  0 36  5 72  0 437  0 250  0 250  0 063 
F50B78 
TJGS/3100/78 
2 50  1 43  1 43  0 72  6 08  0411  0 235  0 235  0 118 
2-h Appendix 3 Surface area model for Hj materials 
In summary, the model proposed here was a useful guide to predicting the relative 
magnitudes of surface areas and pore volumes for 2-d hexagonal (Hi) mesoporous 
materials. However, factors such as microporosity, pore wall roughness, width of the 
pore size distribution and external surface were not accounted for by the model, and as a 
result the absolute surface areas calculated from the model are lower than the 
experimental values. The model shows that surface area increases with decreasing wall 
thickness, but for a fixed wall thickness the surface area passed through a maximum 
value as the pore diameter is increased, where as the pore volume increases with 
increasing pore diameter and decreasing wall thickness. 
3-d 